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Introduction
In 1982, the American Society for Testing and Materials (ASTM), now known as ASTM International, adopted consensus standard solar terrestrial spectra (ASTM E891-82 and E892-82, in 1998 merged into ASTM G159 [1]) to provide standard spectra for photovoltaic (PV) performance applications. The International Standards Organization (ISO) consolidated these spectra into a single ISO standard (ISO 9845-1 [2]), without revision, in 1992. These spectra were based upon older (1980 vintage) spectral solar radiation models [3] and information on atmospheric profiles that were no longer current or up-to-date [4] . Discussion of important issues concerning the definition of atmospheric parameters, spectral range, accuracy, and resolution, and documentation within the consensus standards community, particularly the ASTM committees E44 on Solar, Geothermal, and Alternative Energy, and G03 on Weathering and Durability of the standards resulted in proposed substantial improvements to meet the current and future needs of the various technologies utilizing the reference spectra [5, 6] . In 2008 the International Electrotechnical Commission (IEC) addressed updating the reference spectra for terrestrial PV devices to (almost) be in harmony with the new ASTM reference spectra. These new terrestrial reference spectra are designated ASTM G-173 [7] , and IEC 60904-03 [8] .
A modern terrestrial spectral radiation model, the Simple Model for the Atmospheric Radiative Transfer of Sunshine (SMARTS) [4, 9] , and better knowledge of atmospheric physics and prevailing radiometric quantities in the natural environment were used to develop revisions to the reference spectra. The suggested revisions extend and improve the documentation of the total hemispherical ("global") 37° south-facing tilted surface reference spectrum (with minor modifications), and provide a more realistic direct normal spectrum for the intended concentrating PV applications. In particular, the newly defined reference spectra include more detailed and reliable spectral information from the ultraviolet (UV) (285 nm) to the near infrared (4,000 nm), better spectral resolution, convenient generation through a standard model and input parameters, and ease of use in terms of importing the spectra into applications programs. It should be noted that the IEC 60904-03 reference spectrum is for total hemispherical on a 37° tilted surface only, and does not include a direct normal spectrum.
Both reference spectral distribution standards are based on the same version of Gueymard's SMARTS model (Version 2.9.2) and identical atmospheric parameter inputs. However, the IEC standard has several small adjustments to the resulting total hemispherical spectral, which are described below.
Consensus Standards Organizations
The two organizations that have promulgated the above standards generally strive for harmonization and standardization of documentary standards to avoid duplication of effort and conflicting standards. However, each has different protocols and processes for eventual acceptance (balloting) and publication of the standards. These procedures are beyond the scope of this document, but a brief overview of each organization is provided here.
confidence. ASTM's standards development is driven by the contributions of more than 30,000 members who are technical experts and business professionals representing 135 countries. The ASTM standards development process is open and transparent. The process uses periodic faceto-face meetings and an internet-based electronic infrastructure to develop, ballot, and deliver test methods, specifications, guides, and practices that support industries and governments worldwide.
Two ASTM committees, E44 on Solar, Geothermal and Alternative Energy and G03 on Weathering and Durability, contributed to the development of the standard reference spectra. The E44 scope of the committee states:
"The promotion of knowledge, stimulation of research and the development of standard test methods, specifications, guides, practices and terminology concerned with the technology for conversion of solar and geothermal renewable energy to directly usable energy forms and the application of such technology for the public benefit."
The Committee G03 scope states:
"The promotion of knowledge, stimulation of research, and the development of standards related to the durability and performance of organic and inorganic nonmetallic materials, components and combined assemblies that are subjected to various environments."
The ASTM scope of the standard reference spectra in ASTM G173, "Standard Tables for Reference Solar Spectral Irradiances: Direct Normal and Hemispherical on 37° Tilted Surface," states:
"These tables contain terrestrial solar spectral irradiance distributions for use in terrestrial applications that require a standard reference spectral irradiance for hemispherical solar irradiance (consisting of both direct and diffuse components) incident on a sun-facing, 37° tilted surface, or the direct normal spectral irradiance. The data contained in these tables reflect reference spectra with uniform wavelength interval (0.5 nanometer (nm) below 400 nm, 1 nm between 400 nm and 1700 nm, an intermediate wavelength at 1702 nm, and 5 nm intervals from 1700 to 4000 nm). The data tables represent reasonable cloudless atmospheric conditions favorable for photovoltaic (PV) energy production, as well as weathering and durability exposure applications."
International Electrotechnical Commission
Founded in 1906, the IEC prepares and publishes international standards for all electrical, electronic, and related technologies. These are known collectively as "electrotechnology." IEC provides a platform to companies, industries and governments for meeting, discussing, and developing the international standards they require. All IEC international standards are consensus-based and represent the needs of key stakeholders of every nation participating in IEC work. Every member country has one vote and a say in what goes into an IEC International Standard.
IEC Technical Committee (TC) IEC TC-82 addresses scope as follows:
"To prepare international standards for systems of photovoltaic conversion of solar energy into electrical energy and for all the elements in the entire photovoltaic energy system. In this context, the concept "photovoltaic energy system" includes the entire field from light input to a solar cell to and including the interface with the electrical system(s) to which energy is supplied."
The scope of IEC 60904-03, "Measurement principles for terrestrial photovoltaic (PV) solar devices with reference spectral irradiance data," is stated as:
"This part of IEC 60904 applies to the following photovoltaic devices for terrestrial applications: Note: the term 'test specimen' is used to denote any of these devices.
The principles contained in the standard cover testing in both natural and simulated sunlight.
This standard is not applicable to solar cells designed for operation in concentrated sunlight. Photovoltaic conversion is spectrally selective due to the nature of the semiconductor materials used in PV solar cells and modules. To compare the relative performance of different PV devices and materials a reference standards solar spectral distribution is necessary. This standard includes such a reference solar spectral distribution.
This standard also describes basic measurement principles for determining the electrical output of PV devices. The principles given in this standard are designed to relate the performance rating of PV devices to a common reference terrestrial solar spectral irradiance distribution.
The reference terrestrial solar spectral irradiance distribution given in this standard is required in order to classify solar simulators according to the spectral performance requirements contained in IEC 60904-9."
Reference Terrestrial Spectra
Detailed historical and technical descriptions of the development of the reference spectral distributions are provided in [5, 6, 9, 10] . Here we relate the basis of the most important considerations with respect to the applications of these reference spectra.
Geometric Considerations
The geometric conditions selected for the reference solar spectral irradiance distributions were considered to be reasonable averages for flat plate PV modules deployed in the 48 contiguous states of the United States. The receiving surface is defined as an inclined plane tilted at 37° from the horizontal toward the equator, facing south (azimuth of 180°). The only specification with respect to the solar position is that the air mass (AM), the path length through the atmosphere relative to the zenith, or overhead position, is equal to 1.5. Previous versions of the standards specified the solar spectral irradiance "that is incident on a surface tilted 37° from the horizontal toward the sun" (emphasis added). Although it might have been stated more clearly, this could be construed as a relative sun-plane azimuth of 0° by implication. However, the intent has always been for the tilted surface azimuth to be aligned toward the south, along the local meridian.
Air mass is also defined as the reciprocal of the cosine of the zenith angle, Z, (angle between the zenith and the sun) or the reciprocal of the sine of the elevation angle. Thus, for AM=1.5, the zenith angle for the sun is 48.19° and the elevation angle is 41.81° above the horizon. Therefore, there is an 11.19° angle of incidence between the direct normal beam and the normal to the tilted surface, if the sun's azimuth is in the plane of the surface normal (azimuth = 180°). The incidence angle is larger if the sun is not in the plane of the surface normal.
The tilt angle selected (37°) is approximately the average latitude for the contiguous United States. Note that the solar azimuth is not explicitly defined. The rationale for this lack of precision was provided in [3] , where it is stated that for a horizontally homogenous atmospheric model, azimuth geometry is not of concern. The geometry selected is shown in Figure 1 . AM = 1.5 was selected based on work performed at the Jet Propulsion Laboratory by Gonzalez and Ross [11] . Their work indicated that for locations ranging from Caribou, Maine (latitude 46°52´) to Phoenix, Arizona, (latitude 33°26´) approximately 50% of solar radiation resources for energy production by PV conversion systems occurred above or below AM=1.5.
The direct normal irradiance distribution includes not only the irradiance from the sun's disk, which is truly direct beam irradiance within a 0.5° field-of-view, but also a small contribution (typically less than 1% of the total) of diffuse radiation. This provision is consistent with usual measuring practices using a "5.8° field-of-view normal incidence pyrheliometer that allows a small amount of circumsolar (diffuse) radiation to be detected."[1]
Atmospheric Parameters
To establish appropriate atmospheric conditions for the reference standard, the National Renewable Energy Laboratory (NREL) analyzed broadband National Solar Radiation Database [12, 13, 14] 30-year data sets. That analysis [15] indicated that an aerosol optical depth (0.084) is more representative of conditions for economic deployment of both flat plate and concentrator PV applications.
In place of the constant albedo of 0.2 in the historical standards, a measured spectral albedo for light sandy soil (from a list of 38 available albedo files) was used. SMARTS2 was used to compute spectra representing the new conditions at uniform spectral resolution and wavelength step intervals. , it was found that the hemispherical tilted spectral irradiance remained essentially unchanged with respect to the 1-kW/m 2 normalized historical hemispherical spectrum, with an integral of 1000.37 W/m 2 . This fortuitously minimized the impact on the flat plate PV community of "changing" the hemispherical reference spectrum, primarily through changing the model used to generate the spectrum.
At these same specified conditions, the direct beam spectral irradiance was substantially increased (~18%), integrating to 900.14 W/m 2 . These results eliminate the need for normalization to "1-sun" of 1 kW/m 2 for flat plates, (see [1, 5, 6] ) and are within 6% of the Photovoltaic for Utility Scale Applications, or PVUSA-specified test condition irradiance of 850 W/m 2 for concentrating systems utilizing direct beam irradiance [17] .
The reference spectra can be readily reproduced exactly by use of the SMARTS2 v. 2.9.2 model and the proper input files (see next section). The slight differences between "round numbers" of 1,000 W/m 2 (for hemispherical) and 900 W/m 2 for direct normal are far below the present uncertainty associated with either broadband or spectral irradiance measurements, and PV performance measurements in general [18] (e.g., 0.037% and 0.016% for hemispherical and direct irradiance, respectively). Therefore, the rationale of the ASTM committees were to "let the model produce the result" without consideration of adjustment factors to shift the integrated irradiances to "round numbers."
In contrast, the IEC technical committees, despite using the same input parameters and obtaining the same output files, did decide to add the following additional modifications: a) Add one additional "spectral data point" to account for the energy from 4,000 nm to "infinity."
b) Adjust the integrated hemispherical spectrum to 1,000 W/m 2 by stating that the spectral model spectral output file irradiance values must be multiplied by 0.9971. This results in the cumulative integrated hemispherical spectral irradiance at 4,000 nm to be 997.47 W/m 2 . The additional "4,000 nm to infinity" data point then contributes an additional 2.53 W/m 2 , resulting in a total integrated hemispherical irradiance of exactly 1,000 W/m 2 .
Note there is no reference or discussion for how adjustment b) was arrived at.
3.3 Generating the Reference Spectra 3.3.1 FORTRAN Executable SMARTS was originally written in FORTRAN on an Apple Macintosh platform. For the IBM-PC user, the source code (about 2,500 lines) is compiled using the Lahey FORTRAN LF 90 version 4.5, using the "target processor" switch for Pentium processors, (-tp) and optimization level 0 (-O0) and setting the arithmetic processor "on" (-ap The interactive SMARTS executable prompts for a default input file name (SMARTS2.INP) or a user-defined input file name with extension INP. The user may create or edit a pre-existing input file using any text editor and save it either as the default input file SMARTS2.INP or with a unique name. Upon execution, the input file parameters, many ancillary data (absorption and albedo) files are read, and up to three output files are generated. The output files contain an echo of the input parameters with descriptive text and important calculated results, spectral calculation results, and if requested, a "scan" file with data degraded by a user-specified filter. All output files are ASCII and may be imported easily into word processor or spreadsheet applications.
Input file structure
The SMARTS input file is an assembly of parameters arranged as in a stack of input "cards." Table 1 is an annotated input file used to generate both the IEC 60904-03 total hemispherical spectrum on a 37° south-facing tilt and the ASTM G173 standard spectra: total hemispherical on a 37° tilted south-facing plane, and direct normal spectral distribution. The only two input fields that are specified differently in the two standards are the "number of spectra to print" (card 12b) and the specifiers for which spectra to print (card 12c), as indicated in the bold entries and in the footnotes to the table. ** For IEC 60904-03, this value is 8 (eight) only, indicating the titled hemispherical spectrum. The additional "9" indicates direct normal + circumsolar output spectrum is produced (for ASTM G173).
Special considerations for IEC-60904-03
As described in section 3.2, there is additional step to producing the IEC-60904-3 hemispherical reference spectrum. The hemispherical spectral distribution data must be multiplied by 0.9971. This is to adjust the 280 nm to 4,000 nm spectrum to reflect the fact that there is an additional energy beyond 4,000 nm (amounting to 2.53 W/m 2 ), which is not accounted for in the modeled spectrum. Note that this amounts to 0.253% of the total 1,000 W/m 2 total integrated power in the spectrum. This "error" is smaller than the 0.3% quoted total absolute uncertainty in the measurement of direct beam solar irradiance accomplished by the Working Standard Group of the World Radiometric Reference maintained by the World Meteorological Organization [19] . This is also far smaller than many other sources of error in the estimation of the uncertainty in PV performance measurements [18] .
In addition, the IEC spectrum provides a calculation of the photon flux at each wavelength derived from the calculation of Φ = (W * λ )/ hc where W is spectral power in W/m 2 /nm, λ is wavelength in meters, h=6.626 x 10 -34 J-s (Planck's constant), and c=2.998 x 10 8 m/s (the speed of light in a vacuum).
Summary
Two very similar but slightly different terrestrial spectral irradiance distribution standards are widely used: International Electrotechnical Commission standard IEC-60904-03 and ASTM International standard G-173. The IEC standard addresses only the hemispherical tilt reference spectrum, while the ASTM standard addresses both hemispherical and direct normal spectra. Both standards rely on the version 2.9.2 SMARTS spectral model of Gueymard to produce the reference spectra. The only differences in the model input files for the two standards are with respect to the number of spectra to be produced and which (hemispherical, direct beam, or both) are to be produced in the output file. Lastly, the IEC standard includes post-model run corrections to a) reduce the overall hemispherical by a factor of 0.9971, and b) to add in one additional "data point" representing the integrated value from 4,000 nm to "infinity," with a value of 2.53 W/m 2 . The resulting spectra are reproduced in the appendix. 
